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radio signal, wherein said receiver 1s configured to receive
a radio signal over a radio network; convert at least part of
the received radio signal mto a sequence of samples; com-
pare the similarity of a first part of the sequence and a second
part of the sequence, wherein the first part and the second
part are of equal length; and 1n response to said similarity
being greater than a similarity threshold: detect a phase
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phase difference; and use said calculated frequency oflset to
attempt full access to the radio network.
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RADIO SIGNAL DETECTION

CROSS REFERENCE TO RELATED
APPLICATIONS

This 1s the U.S. National Stage of International Applica-
tion No. PCT/EP2019/064889, filed Jun. 6, 2019, which was
published 1n English under PCT Article 21(2), which 1n turn

claiams the benefit of Great Britain Application No.
1809428 .4, filed Jun. 8, 2018.

TECHNICAL FIELD

The present invention relates to radio network access and
network synchronization in low-power radio devices.

BACKGROUND

Radio communication devices which do not have an

active connection to a radio network typically try repeatedly
to access the network to ensure that when a network 1s
available connection can be automatically established. Net-
work access attempts generally use relatively sophisticated
and complex techniques having high computational process-
ing requirements as well as high power consumption. For
example, a radio device may generate a local reference
signal similar to a signal expected from the network and then
perform a correlation between the local signal and any actual
received signals to determine 1f the received signal 1s from
the relevant network.
Moreover, generally 1n radio receivers, there 1s a slight
difference between the expected nominal frequency of the
signal from the network and the actual frequency of the
received signal, and this 1s referred to as “frequency oflset™.
As 1n many cases the success of the above-mentioned
correlation will depend on the frequency of the local signal
closely matching that of the received signal, 1t 1s typically
necessary to generate a number of different local signals of
different frequencies corresponding to different frequency
oflsets and attempt correlation of each of these with the
received signal. Each of the different frequency local signals
1s known as a “frequency oflset hypothesis”.

As will be appreciated from the above, such network
access techniques have high power requirements and so the
regularity at which a radio device attempts network access
1s of importance. Each access attempt will carry a cost 1n
terms ol power consumption but infrequent attempts to
access a network result 1n a longer delay 1n network access
when the radio device, for example, moves from a region of
no coverage to a region where there 1s coverage.

Therefore, 1n setting the regularity of network access
attempts, there 1s a trade-ofl between power consumption
and speed of signal acquisition. This trade-off 1s often
referred to as “the container problem™. A radio receiver may
remain a long time out of the range of a useful radio signal,
for example, during transportation 1 a ship (“container”)
out at sea. During this time, 1t may consume a lot of energy

by trying to access a non-existent network. Thus, 1t would be
advantageous to reduce this energy consumption, but
attempting to access a network with low regulanty will
increase the time it takes to access a network when a
network actually does become available.

There 1s a need, theretfore, for a radio network access
system that both consumes relatively little power while at
the same time having fast network signal acquisition.

SUMMARY OF INVENTION

When viewed from a first aspect, the present invention
provides a radio receiver configured to:
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2

recetve a radio signal over a radio network;

convert at least part of the received radio signal into a

sequence ol samples;

compare a first part of the sequence and a second part of

the sequence to determine a similarity, wherein the first
part and the second part are of equal length; and

in response to said similarity being greater than a simi-

larity threshold, attempt full access to the radio net-
work.

The first aspect of the mvention extends to a method for
detecting a radio signal, said method comprising:

recerving a radio signal over a radio network;

converting at least part of the received radio signal into a

sequence of samples;
comparing a first part of the sequence and a second part
of the sequence to determine a similarity, wherein the
first part and the second part are of equal length; and

in response to said similarity being greater than a simi-
larity threshold, attempting full access to the radio
network.

When viewed from a second aspect, the present invention
provides a radio receiver configured to:

recerve a radio signal over a radio network;

convert at least part of the recerved radio signal into a

sequence ol samples;

compare a first part of the sequence and a second part of

the sequence to determine a similarity, wherein the first
part and the second part are of equal length; and

in response to said similarity being greater than a simi-

larity threshold:

detect a phase difference between the first part of the

sequence and the second part of the sequence;
calculate a frequency oflset between a frequency of the
received radio signal and an expected frequency of the
received radio signal using said phase difference; and
use said calculated frequency offset to attempt full access
to the radio network.

The second aspect of the mvention extends to a method
for detecting a radio signal, said method comprising:

recerving a radio signal over a radio network;

converting at least part of the received radio signal into a

sequence ol samples;
comparing a first part of the sequence and a second part
of the sequence to determine a similarity, wherein the
first part and the second part are of equal length; and

in response to said similarity being greater than a simi-
larity threshold:

detecting a phase diflerence between the first part of the

sequence and the second part of the sequence;
calculating a frequency oflset between a frequency of the
received radio signal and an expected frequency of the
received radio signal using said phase difference; and
using said calculated frequency offset to attempt full access
to the radio network.

It will be seen by those skilled 1n the art that in accordance
with the invention there may be provided a simple way of
establishing the presence of a particular type of radio signal
that does not require the generation of a local reference
signal or the use of complex correlation techniques used 1n
conjunction with the local signal to detect the radio signal.
As such, 1t may provide a low-power mechanism to detect
the presence ol a signal of interest.

By using the low-power trigger mechanism instead, the
required regularity of attempts to perform full network
access can be reduced. The low-power trigger mechanism
determines 1f any useful signal exists before commencing
tull access or synchronization to the network. As such full




US 11,146,432 B2

3

network access attempts generally consume a lot computa-
tional power and battery power, by reducing the regularity of
tull network access attempts a significant saving in compu-
tational and battery power 1s made.

Further, with the present scheme, the trade-ofl between
power consumption and speed of signal acquisition 1s less of
a problem. As the method consumes relatively low power,
the method can be performed relatively often or even
constantly. As the method can be performed often, the speed
of signal acquisition 1s increased when, for example, moving
out of a region with low network coverage to a region with
high network coverage.

This means that both low power consumption and high
speed of signal acquisition are possible at the same time,
without one being sacrificed for the other. Thus, the “con-
tainer problem™ may be at least partly overcome.

The step of comparing the similarity of a first part of the
sequence with a second part of the sequence works as a
low-power trigger mechanism to detect those types of radio
signals that comprise duplicated parts. An example of a radio
signal type that uses duplicated parts 1s the Orthogonal
Frequency Division Multiplexing (OFDM) modulated radio
signal. These typically use a “cyclic prefix”. A cyclic prefix
1s Tormed by copying the last part of a sequence of samples
and 1nserting the copied samples at the beginning of the
sequence, thus creating a duplicated part in the OFDM
signal.

In a set of embodiments the first part of the sequence of
samples 1s a plurality of samples at the beginning of the
sequence of samples and the second part of the sequence of
samples 1s a plurality of samples at the end of the sequence
of samples. As will be appreciated by those skilled 1n the art,
in a cyclic prefix scheme these will be the same and thus
detected 1n accordance with the invention.

In a preferred set of embodiments, the similarity 1s
computed by applying an autocorrelation function between
the first part of the sequence and the second part of the
sequence.

In some embodiments, a delayed version of the sequence
of samples 1s generated so that the second part of the
sequence 1s a part that temporally overlays the first part of
the sequence 1n the delayed version of the sequence. The
autocorrelation 1s then performed by: (1) performing a
sample-by-sample multiplication of the temporally overlap-
ping parts of the sequence and the delayed version of the
sequence to provide a plurality of results and (1) summing
the results.

In some embodiments, the delay 1s equal to a length of an
expected payload of the sequence, wherein the expected
payload comprises the sequence without the first part of the
sequence and wherein the first part of the sequence 1s a
duplicate of the second part of the sequence.

As mentioned, 1n a set of preferred embodiments, the
radio receiver 1s adapted to receive an OFDM radio signal,
and the comparing comprises comparing a cyclic prefix of
the OFDM radio signal with an end part of the OFDM radio
signal from where the cyclic prefix was copied from.

In embodiments that use autocorrelation to compute the
similarity, and wherein the signal 1s an OFDM signal, the
autocorrelation function 1s preferably:

I+s

= Z x(r)*x(in+ N)
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4

where

r.=measure of similarity between cyclic prefix and end

part of payload

x=sequence of samples

n=sample mndex

s=start oI OFDM symbol

N=length of OFDM payload

L=length of the cyclic prefix

For example, within an LTE-M network, the length N of
the payload 1s N=128 and the length L of the cyclic prefix
1s L=9 or L=10.

In some embodiments, in response to the similarity being,
less than the similarity threshold, the radio receiver checks
how much time has elapsed since an immediately previous
attempt at full access, and 1 the elapsed time 1s greater than
a time threshold, the radio receiver attempts full access to
the radio network 1n any event.

The radio receiver 1s configured to detect the phase
difference between the first part of the sequence and the
second part of the sequence to calculate a frequency oflset
between a frequency of the received radio signal and an
expected frequency of the received radio signal. In an
OFDM signal, the orthogonality of the OFDM subcarriers
depends on the transmitter and receiver using closely
matched frequencies. Any difference 1n frequency results in
inter-carrier mterterence (ICI). Therefore 1t may be impor-
tant to detect the frequency oflset 1n an imncoming OFDM
signal. In accordance with the present invention, by detect-
ing the phase difference between the first part of the
sequence (the cyclic prefix) and the second part of the
sequence (the last part of the OFDM signal), the frequency
oflset of the incoming OFDM signal can be calculated using
relatively less computational and battery power.

The applicant has appreciated that in some situations, it
may be diflicult to compare the similarity of parts of an
incoming radio signal when the power of the radio signal
varies. In cases where similarity does not change but the
radio signal power changes, the measured similarity wall
typically change, not because of a change 1n similarity, but
because of a change 1n signal power. Therefore, 1n some
embodiments the radio recerver may normalise the similarity
before comparing the similarity to the similarity threshold.
Normalisation may comprise dividing the similarity with the
power of the mmcoming radio signal.

In some embodiments the radio receiver performs mul-
tiple comparisons on a plurality of sequences of samples. In
a subset of such embodiments, the receiver then calculates
an average similarity between the respective first and second
parts of the plurality of sequences of samples. In response to
the average being greater than a further similarity threshold,
the recetver then attempts full access to the radio network.
This 1s advantageous when there 1s a low signal to noise ratio
in the incoming radio signal as calculating an average
similarity of parts of a plurality of sequences will provide a
more accurate result than calculating the similarity of parts
ol a single sequence.

The radio receiver may adaptively set the number of
sequences of samples that are used to calculate the average
similarity according to a signal-to-noise ratio of the received
radio signal.

A turther application of the present invention 1s the
detection of radio network type. This may be done by setting
parameters associated with the sequence of Samples to those
of a known radio network type. If the Slmllarlty 1S greater
than a similarty threshold, the radio receiver 1dentifies that
the radio network type detected 1s the known radio network
type. If the similarity 1s not greater than the similarity
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threshold, then the parameters are changed to those associ-
ated with a different known radio network type and if the
similarity 1s then greater than the similanty threshold, the
radio receiver 1dentifies that the radio network type detected
1s the different known radio network type.

For example, (1) an expected length of the sequence and
(11) an expected length of the first and second parts of the
sequence may be set according to characteristics of a known
radio network type. For example, the value of N may be set
at N=128 and the value of L may be set at L=9 or L=10,
which are characteristic of LTE-M radio networks. If the
similarity 1s subsequently found to be greater than the
similarity threshold, the radio network type 1s 1dentified as
LTE-M. If not, then the values of N and L may be changed
to those characteristic of a different radio network type, and
il the similarity 1s then found to be greater than the similarity
threshold, the radio network type 1s identified as the diflerent
radio network type.

Alternatively or additionally, the radio receiver may
detect the radio network type by performing the similarity
comparison on parts of a sequence of samples of a radio
signal of a frequency corresponding to the known radio
network type. If this similanity 1s greater than a similarity
threshold, the radio receiver identifies that the radio network
type detected 1s the known radio network type. If not, then
the similarity comparison 1s performed on parts of a
sequence of samples of a radio signal of a frequency
corresponding to a different known radio network type, and
i the similarity 1s then greater than the similarity threshold,
the radio receiver identifies that the radio network type
detected 1s the different known radio network type.

The above techniques can be used to detect a known radio
network type such as WLAN, LTE, LTE-M, LTE-M1 or

NBIOT.

BRIEF DESCRIPTION OF DRAWINGS

Certain preferred embodiments of the invention will now
be described, by way of example only, with reference to the
accompanying drawings, in which:

FIG. 1 illustrates a typical radio network, radio signals
and radio receivers to which embodiments of the invention
may be applied;

FIG. 2 1llustrates a typical OFDM radio signal using a
cyclic prefix;

FI1G. 3 illustrates a radio signal and a delayed version of
the radio signal for use in autocorrelation;

FIG. 4 1s a graph showing the autocorrelation of a radio
signal with different delays;

FIG. § 1s a flowchart 1llustrating a method of low-power
radio signal detection 1n accordance with the invention;

FIG. 6 1s a flowchart 1llustrating a first method of detect-
ing radio network type 1 accordance with some embodi-
ments; and

FIG. 7 1s a flowchart illustrating a second method of
detecting radio network type 1n some embodiments.

DETAILED DESCRIPTION

FI1G. 1 shows a typical radio network 100 comprising base
stations 110 and user equipment 120 such as an IoT device
wherein each user equipment may comprise a radio receiver
tor accessing the radio network 100. The rest of the network
1s not shown in detail. In LTE systems, for example, the base

stations 110 may correspond to the eNodeBs of an LTE
network, and the radio signal may be modulated using
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6

OFDM modulation. In FIG. 1 the frequency spectrum of the
orthogonal OFDM carriers are shown as associated with the
LTE radio signals 130.

Prior art systems usually use the generation of a local
reference signal with a complex correlation scheme and
sophisticated frequency oflset hypothesis techniques to
access a radio signal, as 1s shown 1n the detection schemes
140 of each prior art user equipment. As explained earlier,
“brute force” trial and error may have to be used to establish
the difference between an expected frequency of an 1ncom-
ing signal and the actual received frequency. However, these
techniques are expensive 1n terms of computational require-
ments and battery power. In the embodiments to be
described hereinbelow 1t will be seen that there 1s disclosed
a low-power radio signal detection scheme that relies on the
existence of duplicated parts 1n radio signals.

OFDM signal modulation schemes generally duplicate
the last few samples of an OFDM symbol by copying the last
few samples and inserting them at the start of the OFDM
symbol.

A typical OFDM signal 200 1s shown 1n FIG. 2, showing
two consecutive OFDM “symbols”. Each OFDM symbol
comprises a payload 220. The last few samples 230 of the
payload 220 are copied and inserted 240 at the start of the
OFDM symbol 210. As the last few samples are mserted at
the start of the symbol, they are referred to as a “prefix”, and
because this happens i every OFDM symbol, the term
“cyclic prefix” 1s used to refer to the samples 210 1nserted at
the start of the symbol. In FIG. 2, the number of samples in
the payload 220 1s denoted by “N”. The number of samples
in the cyclic prefix 210 1s denoted by “L”. The total length
of the OFDM symbol together with the cyclic prefix is
therefore N+L.

The cyclic prefix 210 1s characteristic of, and so may be
used to detect the presence of, an OFDM radio signal. By
comparing the first L samples of an incoming radio signal
with the last L samples and assessing their similarity, the
presence of a cyclic prefix can be detected, and by extension,
the presence of an OFDM radio signal 1s thereby inferred. If
there 1s no similarity or relatively low similarity, then the
radio receiver does not 1dentily that an OFDM radio signal
has been detected.

In general, any radio signalling scheme that uses dupli-
cation of parts of a signal may benefit from application of the
present invention. By comparing the similarity of the signal
parts with those parts that would correspond to the dupli-
cated signal parts if the detected radio signal were of a
signalling scheme of interest, a radio receiver can detect a
particular radio signal that 1s known to use such duplication.

A well-known measure of self-similarity 1s autocorrela-
tion. Autocorrelation 1s the measure of the similarity of a
signal with a delayed version of itself. As will be appreci-
ated, 1n signals that utilise a cyclic prefix, the part of the
signal from which the cyclic prefix was copied from will 1n
theory exactly match the cyclic prefix itsell.

Thus, 1t 1s desirable to delay the radio signal so that the
duplicated part and the part of the signal from which the
duplicate was taken, temporally overlap. An autocorrelation
calculation 1s then achieved by summing the results of a
sample-by-sample multiplication of the temporally overlap-
ping parts of the actual signal and the delayed signal.

This concept 1s illustrated 1n FIG. 3. The original OFDM
signal 350 1s delayed by the length N of the OFDM payload
320 to produce a delayed signal 370. As the length of the
cyclic prefix 310, 310' 1s L, the total length of each OFDM
symbol comprising the payload 320 together with the cyclic
prefix 1s N+L.




US 11,146,432 B2

7

If n denotes the sample index, the value of each sample
may be denoted as x(n). The first sample of the OFDM
signal 350, and thus of the cyclic prefix 310, 1s denoted 1n
this example as x(s). As the cyclic prefix 310 1s L samples
long, the last sample of the cyclic prefix is denoted x(s+L). °
As the number of samples of the OFDM payload 320 1s N,
the last sample of the OFDM symbol 1n this illustration 1s at
x(s+L+N). As the cyclic prefix 310 1s taken from the last
samples of the OFDM symbol, the part of the symbol that 1s
copied starts at x(s+L+N-L) and ends at x(s+L+N). Thus,
the duplicated part of the OFDM symbol starts at x(s+N) and
ends at x(s+L+N).

Applying a delay of N samples to the OFDM symbol
results 1n the cyclic prefix 310" of the delayed version of the
symbol to temporally overlay the last samples of the symbol
from which the cyclic prefix was copied from.

It will be appreciated that the example of FIG. 3 may be
generalised to the duplication of any part of a radio signal,

and that the invention 1s not limited to the use of the cyclic »g
prefix 310 of an OFDM signal.

The similanity of the temporally overlapping parts of the
signal can be calculated using the following formula:

10

15

25

I+s

T Z x(rn)ox(n+ N)

where 30

r =measure of similarity between cyclic prefix and end

part of payload

x=sequence ol samples

n=sample index

s=start of OFDM symbol 35

N=length of OFDM payload

[=length of the cyclic prefix

It the received radio signal 1s not an OFDM signal or a
signal that uses duplication of parts, this autocorrelation, or
measure of self-similarity between the duplicated parts, will 40
be low. The radio receiver then identifies that no signal of
interest 1s detected.

If on the other hand, the received radio signal 1s 1n fact an
OFDM signal or a signal that uses duplication of parts, the
autocorrelation or self-similarity between the duplicated 45
parts will be high, and a radio signal of interest 1s thereby
detected. The radio can then proceed to attempt full access
to the radio network.

In FIG. 4, the autocorrelation or self-similarity of an
OFDM signal 1s shown. In the graph, the horizontal axis 50
represents the delay d of the delayed version 370 of the
OFDM signal. The vertical axis represents the magnitude of
the autocorrelation of the signal 350 with the delayed
version 370 of itself. The graph therefore shows the seli-
similarity of the signal 350 with a delayed version 370 of 55
itselt, for different values of the delay d. When the delay d
1s equal to the length of the OFDM payload N, then as
discussed above, the autocorrelation 1s measuring the simi-
larity of the cyclic prefix 310 with the end part 330 of the
symbol from which the cyclic prefix was copied. As these 60
are theoretically i1dentical, the autocorrelation or self-simi-

larity of the signal will be maximum at delay d=N.
In the example of F1G. 4, the length of the OFDM payload

1s N=8. As can be seen, the autocorrelation peaks at d=N==8

because 1t 1s at this point that the cyclic prefix 310 1s being 65
compared with the part of the signal 330 from which the
cyclic prefix was copied. At other values of d, the parts of the
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signal being compared for similarity will be unrelated to
cach other and so will have a low autocorrelation. By setting
the delay of the delayed version 370 of the radio signal to be
equal to the length N of the OFDM payload 320, the radio
receiver can detect the presence of an OFDM signal when
the autocorrelation value crosses a threshold 400. The radio
receiver may then proceed to attempt full radio network
access.

If the mncoming signal does not contain a cyclic prefix
(and thus by inference 1s not an OFDM signal), the auto-
correlation will not peak at any value of d. Thus, when the
autocorrelation does not cross the threshold 400, the radio
receiver determines that no OFDM signal 1s available. The
radio receiver then does not proceed to attempt a full radio
network access, saving computational and battery power.
The scheme has lower power consumption than traditional
radio access schemes that perform full correlation with the
incoming signal.

FIG. 5 1s a flowchart 500 that shows the steps for
low-power detection of useful radio signals 1n accordance
with an embodiment of the present mvention. In step 502,
the device 1s powered up. In step 504, cyclic prefix auto-
correlation signal detection 1s performed 1n accordance with
the technique described above. This cyclic prefix 210, 310,
310" may be that used in OFDM modulation schemes. In
other embodiments, the autocorrelation of other parts of the
signal may be performed, depending on the radio network
type.

At step 506, the radio receiver determines if a useful
OFDM (or other radio) signal has been detected. If so, then
the receiver, at step 518, estimates the frequency oflset of the
incoming signal by comparing the phase diflerence of the
cyclic prefix 310 with the end part 330 of the OFDM symbol
from where the cyclic prefix was copied. Compared to the
brute force techniques described above, this 1s a computa-
tionally inexpensive way of determining the frequency oflset
of mcoming OFDM signals which 1s useful for speedy and
low-power recovery of the modulated signal.

Then, the receiver proceeds to attempt full access of the
detected radio network at step 508. By using the above
described method of determining the frequency offset of the
incoming signal, the full network access attempt may be
performed using the estimated frequency oflset, making the
recovery of the modulated signal computationally less
expensive.

At step 3510, the receiver determines whether the full
network access attempt was successtul. It so, then the signal
acquisition process 1s complete and the method ends at step
512 with the device communicating with the network.

If, at step 510, the receiver determines that the full
network access attempt failed, then the tflow branches to step
504 where cyclic prefix autocorrelation signal detection 1s
performed again.

I1, at step 506, the receiver determines that no signal was
detected using the cyclic prefix autocorrelation detection,
then the receiver determines at step 514 the time elapsed
since the last full network access attempt was made. If this
clapsed time 1s less than a threshold, then the receiver
returns to step 504 and continues periodically running the
cyclic prefix autocorrelation radio signal detection method

as described above.

If the elapsed time 1s greater than a threshold, then the
receiver performs, at step 516, a full network access attempt
even 1f no signal was detected at step 506.
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However, as no OFDM signal was detected, no estimate
of the frequency oflset may be made. Thus, the full network
access attempt proceeds without the advantage of knowing
the frequency oflset.

In other embodiments, no full network access attempt 1s
made at all when no signal 1s detected at step 506.

FIGS. 6 and 7 show further embodiments of the present
invention wherein the cyclic prefix autocorrelation tech-
nique 1s advantageously used not only to determine the
existence of a usetul radio signal, but also to determine the
radio network type that has been detected.

The technique involves repeated attempts at detecting the
radio signal using parameters that are characteristic of
respective known radio signal types; 11 any one of the signal
detection attempts 1s successiul, then the radio receiver can
identify that the radio network that has been accessed 1s of
the known type corresponding to the parameters used to
detect 1t.

The scheme of method 600 begins at step 602 where the
method for detection of radio network type 1s mitiated.

At step 604, the parameters N and L, as described above,
are chosen in accordance with values of N and L that are
characteristic of a known radio network type being detected.
For example, within an LTE-M network, the length N of the
payload 1s N=128 and the length L of the cyclic prefix 1s L=9
or L=10.

At step 606, the cyclic prefix autocorrelation technique 1s
used to detect a signal with the chosen values for parameters
N and L.

At step 608, the recerver determines 11 a signal has been
detected using these parameters. If so, then at step 610 the
receiver 1dentifies the detected network as being a network
of the known type. If not, then at step 612, the radio receiver
may change the parameters N and L to that of a diflerent
known network type and perform the steps of 606 and 608
again but with the new set of parameters. In this way the
receiver may attempt to detect various known network types
using different values for N and L that characterise the
different networks.

As an alternative or 1n addition to method 600, method
700 1llustrated 1 FIG. 7 may be used to determine network

type.
The method 700 of FIG. 7 begins at step 702. At step 704

a sequence of samples 1s taken from a radio signal at a
frequency corresponding to a known network type. Cyclic
prefix autocorrelation radio signal detection in accordance
with the present invention 1s then performed 1n step 706. IT
a signal 1s detected 1n step 708, then the recerver determines
in step 710 that the detected radio signal 1s of the known
network type.

If on the other hand no signal 1s detected, the method
flows to step 712. In step 712 the receiver may take a
sequence of samples from a radio signal at a different
frequency corresponding to another known network type,
and perform the steps 706 and 708 again, until a radio signal
ol a desired type 1s detected.

The method of FIG. 7 determines that a signal 1s of a
particular network type by applying the presently disclosed
cyclic-prefix autocorrelation technique at a particular fre-
quency. This method can be combined with the method of
FIG. 6 which determines that a signal 1s of a particular
network type by applying the cyclic-prefix autocorrelation
technique using a particular value of N and L.

It will be appreciated by those skilled 1n the art that
embodiments of the present invention help address the
“container problem” by improving the trade-ofl between
power consumption and speed of network acquisition. In
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particular they provide a low-power signal detection scheme
that can be performed frequently, enabling speedy network
acquisition at the same time as using less battery power. Full,
computationally expensive, network access only takes place
alter the 1mitial low-power detection of the radio signal.

The present invention may also be used to determine the
radio network type.

The present mnvention 1s especially suited for use 1n radio
systems that use OFDM modulation although the skilled
person will be aware of other modulation schemes that use
the duplication of parts of a signal.

Those skilled 1n the art will appreciate that the specific
embodiments described herein are merely exemplary and
that many variants within the scope of the invention as
defined 1n the claims are envisaged.

The mnvention claimed 1s:

1. A radio receiver configured to:

recerve a radio signal over a radio network;

convert at least part of the recerved radio signal into a

sequence ol samples;

compare a lirst part of the sequence and a second part of

the sequence to determine a similarity, wherein the first
part and the second part are of equal length; and

in response to said similarity being greater than a simi-

larity threshold;

detect a phase diflerence between the first part of the

sequence and the second part of the sequence;
calculate a frequency oflset between a frequency of the
received radio signal and an expected frequency of the
received radio signal using said phase difference; and
use said calculated frequency offset to attempt full access
to the radio network; and
in response to the similarity being less than the similarity
threshold, to check how much time has elapsed since an
immediately previous attempt at full access; and

iI the elapsed time 1s greater than a time threshold, to

attempt full access to the radio network.

2. The radio receiver of claim 1 configured so that said
comparison comprises comparing a plurality of samples at a
beginning of the sequence of samples and a plurality of
samples at an end of the sequence of samples.

3. The radio receiver of claim 1 configured to compute the
similarity by applying an autocorrelation function between
the first part of the sequence and the second part of the
sequence.

4. The radio receiver of claim 3 configured to:

generate a delayed version of the sequence of samples so

that the second part of the sequence 1s a part that
temporally overlays the first part of the sequence 1n the
delayed version of the sequence; and

perform said autocorrelation function by:

performing a sample-by-sample multiplication of the
temporally overlaying parts of the sequence and the
delayed version of the sequence to provide a plural-
ity of results;

and

summing the results.

5. The radio receiver of claim 4 configured so that the
delay 1s equal to a length of an expected payload of the
sequence, wherein the expected payload comprises the
sequence without the first part of the sequence and wherein
the first part of the sequence 1s a duplicate of the second part
of the sequence.

6. The radio receiver of claim 1 configured to receive an
Orthogonal Frequency Division Multiplexing (OFDM)
radio signal comprising;:

a payload including an end part; and
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a cyclic prefix which 1s a copy of the end part;

wherein the radio receiver 1s configured to compare the

cyclic prefix with said end part of the payload.

7. The radio receiver of claim 1 configured to normalise
the similarity based on a power of the received radio signal
before determining 1f the similarity 1s greater than the
similarity threshold.

8. The radio recerver of claim 1 configured to:

perform multiple comparisons on a plurality of sequences

of samples;

calculate an average similarity between respective first

and second parts of the plurality of sequences of
samples; and

in response to the average similarity being greater than a

further similarity threshold, attempt tull access to the
radio network.

9. The radio receiver of claim 8 configured to adaptively
set a number of sequences of samples that are used to
calculate the average similarity according to a signal-to-
noise ratio of the received radio signal.

10. The radio receiver of claim 1 configured to determine
a radio network type corresponding to the received radio
signal by:

prior to performing said comparison, setting:

(1) an expected length of the sequence and

(1) an expected length of the first and second parts of the

sequence according to characteristics of a known radio
network type; and

if the similarity 1s greater than the similarity threshold, the

radio receiver determining that the radio network type
corresponding to the received radio signal 1s the known
radio network type;

if the similarity 1s not greater than the similarity threshold,

changing the expected length of the sequence and the
expected length of the first and second parts of the
sequence according to characteristics of a different
known radio network type and performing said com-
parison again, and 1f the similarity 1s then greater than
the similarity threshold, determining that the radio
network type corresponding to the received radio signal
1s the different known radio network type.

11. The radio receiver of claim 1 configured to determine
a radio network type corresponding to the received radio
signal by:

performing the similarity comparison on parts of a

sequence of samples of a radio signal of a frequency
corresponding to a known radio network type; and

if the similarity 1s greater than the similarity threshold, the

radio receiver determining that the radio network type
corresponding to the received radio signal 1s the known
radio network type;

if the similarity 1s not greater than the similarity threshold,

performing the similarity comparison on parts of a
sequence of samples of a radio signal of a frequency
corresponding to a different known radio network type,
and 1f the similarity 1s then greater than the similarity
threshold, determining that the radio network type
corresponding to the receirved radio signal 1s the dif-
ferent known radio network type.

12. A method of detection of a radio signal, said method
comprising;

receiving a radio signal over a radio network;

converting at least part of the received radio signal into
a sequence of samples;

comparing a first part of the sequence and a second part
of the sequence to determine a similarity, wherein the
first part and the second part are of equal length; and
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in response to said similarity being greater than a
similarity threshold:

detecting a phase diflerence between the first part of the
sequence and the second part of the sequence;

calculating a frequency oflset between a frequency of
the received radio signal and an expected frequency
of the received radio signal using said phase differ-
ence; and

using said calculated frequency oflset to attempt full
access to the radio network; and

in response to the similarity being less than the simi-
larity threshold, checking how much time has
clapsed since an immediately previous attempt at full
access; and

if the elapsed time 1s greater than a time threshold,
attempting full access to the radio network.

13. The method of claim 12 wherein said comparing
comprises comparing a plurality of samples at a beginning
of the sequence of samples and a plurality of samples at an
end of the sequence of samples.

14. The method of claim 12 turther comprising computing
the similarity by applying an autocorrelation function
between the first part of the sequence and the second part of
the sequence.

15. The method of claim 14 further comprising:

generating a delayed version of the sequence of samples

so that the second part of the sequence 1s a part that
temporally overlays the first part of the sequence 1n the
delayed version of the sequence; and

performing said autocorrelation function by:

performing a sample-by-sample multiplication of the
temporally overlapping overlaying parts of the
sequence and the delayed version of the sequence to
provide a plurality of results;

and

summing the results.

16. The method of claim 15 wherein the delayed version
1s delayed by a delay that 1s equal to a length of an expected
payload of the sequence, wherein the expected payload
comprises the sequence without the first part of the sequence
and wherein the first part of the sequence 1s a duplicate of the
second part of the sequence.

17. The method of claim 12 wherein said received radio
signal 1s an Orthogonal Frequency Division Multiplexing
(OFDM) radio signal comprising:

a payload including an end part; and

a cyclic prefix which 1s a copy of the end part;

wherein said comparing comprises comparing the cyclic

prefix with said end part of the payload.

18. The method of claim 12 further comprising normal-
1sing the similarity based on a power of the received radio
signal before determining 1f the similarity 1s greater than the
similarity threshold.

19. The method of claim 12 further comprising:

performing multiple comparisons on a plurality of

sequences of samples;

calculating an average similarity between the respective

first and second parts of the plurality of sequences of
samples; and

in response to the average similarity being greater than a

further similanty threshold, attempting full access to
the radio network.

20. The method of claim 19 further comprising adaptively
setting a number of sequences of samples that are used to
calculate the average similarity according to a signal-to-
noise ratio of the received radio signal.
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21. The method of claim 12 further comprising determin-
ing a radio network type corresponding to the received radio
signal by:

prior to performing said comparison, setting:

(1) an expected length of the sequence and

(1) an expected length of the first and second parts of the

sequence according to characteristics of a known radio
network type; and

if the similarity 1s greater than the similarity threshold,

determining that the radio network type corresponding
to the recerved radio signal 1s the known radio network
type,

if the similarity 1s not greater than the similarity threshold,

changing the expected length of the sequence and the
expected length of the first and second parts of the
sequence according to characteristics of a different
known radio network type and performing said com-

parison again, and 1f the similarity 1s then greater than
the similarity threshold, determining that the radio
network type corresponding to the received radio signal
1s the different known radio network type.
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22. The method of claim 12 further comprising determin-
ing a radio network type corresponding to the received radio
signal by:

performing the similarity comparison on parts of a
sequence of samples of a radio signal of a frequency
corresponding to a known radio network type; and

11 the stmilarity 1s greater than the similarity threshold, the
radio recerver determining that the radio network type
corresponding to the received radio signal 1s the known
radio network type;

11 the simailarity 1s not greater than the similarity threshold,
performing the similarity comparison on parts of a
sequence of samples of a radio signal of a frequency
corresponding to a different known radio network type,
and 1f the similarity 1s then greater than the similarity
threshold, determining that the radio network type
corresponding to the received radio signal 1s the dii-
ferent known radio network type.
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